Tissue-resident macrophages are heterogeneous as a consequence of anatomical niche-specific functions. Many populations self-renew independently of bone marrow in the adult, but the molecular mechanisms of this are poorly understood. We determined a transcriptional profile for the major self-renewing population of peritoneal macrophages in mice. These cells specifically expressed the transcription factor Gata6. Selective deficiency of Gata6 in myeloid cells caused substantial alterations in the transcriptome of peritoneal macrophages. Gata6 deficiency also resulted in dysregulated peritoneal macrophage proliferative renewal during homeostasis and in response to inflammation, which was associated with delays in the resolution of inflammation. Our investigations reveal that the tissue macrophage phenotype is under discrete tissue-selective transcriptional control and that this is fundamentally linked to the regulation of their proliferation renewal.
T issue-resident macrophages play fundamental roles specific to their microanatomical niche, ranging from dedicated homeostatic functions to immune surveillance (1) . Such heterogeneity predicts that discrete transcriptional controls probably exist in specific macrophage populations that determine both their particular phenotypes and tissue-specific functions.
Many resident macrophages self-renew by local proliferation [(1) and references therein]. This is initiated after seeding of macrophages into tissues during development and their expansion during the neonatal period (1) . Under specific conditions, these tissue-resident macrophages may also be derived from blood monocytes (1) . Classic F4/80 high CD11b high peritoneal-resident macrophages fit this model (2-7), and they proliferate above homeostatic levels in response to inflammation (6) . Proliferation of human macrophages has also been observed in several contexts [reviewed in (1) ]. However, the factors controlling these processes remain ill-defined. We hypothesized that discrete transcriptional controls would govern both the specific phenotype of tissue ) and Gata6-KO mye mice (white bars, n = 5♂/5♀) analyzed by flow cytometry in (A) and (B) above. Data represent the mean ± SEM of mice pooled from two independent experiments and were analyzed by two-way analysis of variance (ANOVA) MØ, macrophage; Res, tissueresident; Eos, eosinophil; DC, dendritic cell; Int, interaction statistic; Gata6, Gata6 effects; Sex, sex effects.
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We performed a transcriptional analysis of murine monocyte-like cells during acute peritonitis (figs. S1 to S3 and tables S1 to S3). Our approach analyzed populations specifically enriched in tissue-resident macrophages (6) , allowing definition of a tissue macrophage-restricted transcriptional profile, which was associated with homeostatic and metabolic processes (cluster 15; fig. S2 and table S3, A to C). Gata6 was selectively expressed in peritoneal macrophages when compared to both in vitro-generated bone marrow-derived macrophages and, when isolated during inflammation, contemporary monocytederived (8) macrophages (fig. S1, D , F, and G). Perhaps best known for its essential requirement in the development of the heart, gut, and liver (9) (10) (11) , the role of Gata6 in macrophages is unknown.
We crossed conditional knockout (KO) Gata6 tm2.1Sad/J mice (12) low macrophages exhibited relatively normal expression of Tim4 [a marker expressed by the majority of peritoneal resident macrophages and found in this study to be selectively expressed by these cells during acute peritonitis; fig. S1 and (6) S5C ). This confirmed that Gata6 was important for phenotype maintenance in the adult. We also excluded a role for Cre toxicity (15) 
(fig. S5, C to E).
We assessed the importance of Gata6 as a regulator of the characteristic peritoneal macrophage phenotype by microarray analysis of macrophages from WT and Gata6-KO mye mice (14) ( Fig. 2A and table S5, A and B) . Analysis of peritoneal macrophage-specific transcripts indicated that there was a significant overrepresentation of probe sets that were down-regulated in the absence of Gata6 (Fig. 2B) . The array data were validated by examination of surface receptors whose mRNA was altered (Fig. 2, C to E ). An additional study (16) identified genes specific to peritoneal macrophages when compared to other tissues, and there was a similar overrepresentation of genes from this list that were downregulated in the absence of Gata6 ( fig. S6 and table S6). Using both data sets, in addition to Gata6, we identified a gene list that could be considered peritoneal macrophage-specific by both criteria (within and between tissues), of which 60% of genes were down-regulated in the absence of Gata6 ( fig. S6 ). This confirmed Gata6 as a major regulator of the peritoneal macrophage phenotype. Peritoneal macrophage-selective transcripts were not the only transcripts that were altered in the absence of Gata6, however, indicating 
646
REPORTS a broader impact on phenotype (Fig. 2, A and B) . Consistent with a role in peritoneal phenotype specialization, enforced Gata6 expression in bone marrow-derived macrophages promoted their peritoneal retention and altered their phenotype toward that of peritoneal resident macrophages ( fig. S7 ). Although we have not addressed this, we would anticipate that Gata6 would also be up-regulated in bone marrow-derived cells recruited to the peritoneum when replacing the tissue-resident pool; for example, as can occur in irradiation chimeras (17) . Peritoneal macrophages in WT mice are capable of renewal without monocytic input (6, 7), particularly under homeostatic conditions. In accordance with this, genes associated with the regulation of cell proliferation (Gene Ontology term GO:0042127) were also altered by Gata6 deficiency (table S5A) , including Cdkn2b, Csf1, Igf1, Tgfb2, Tgfbr2, and Bmpr1a. Moreover, Gata6-deficient peritoneal macrophages exhibited increased basal proliferation 7 particles) peritonitis model comparing cell counts from WT (black bars) and Gata6-KO mye (white bars) mice [data pooled from three independent experiments (n = 11 to 13 per group)]. All data in this figure represent mean ± SEM of individual mice and were examined by ANOVA (as indicated) with pairing as appropriate and Bonferroni post tests, except (D), which was analyzed by paired t test. *P < 0.05, **P < 0.01, ***P < 0.001.
www.sciencemag.org SCIENCE VOL 344 9 MAY 2014 as compared to macrophages in WT mice (Fig. 3,  A and B) . As with WT cells (8) , the proliferation of Gata6-deficient peritoneal macrophages in vivo is dependent on the cytokine macrophage colony-stimulating factor (M-CSF). We observed marked polyploidy in Gata6-deficient cells (Fig. 3,  A and C, and fig. S8 ). Polyploid Gata6-deficient cells were multinucleate, and this could reflect failed cytokinesis (18) or the creation of a fusogenic phenotype by the marked alteration in membraneassociated molecules (an enrichment of Gene Ontology term GO:0005886, Benjamini P = 0.000007). We took advantage of the existence of F4/80 high peritoneal macrophages in the mice (Fig. 1A) , which we confirmed had escaped Cre-mediated Gata6 deletion and were phenotypically normal ( fig. S9 ). Within the Gata6-KO mye mice, we observed a significantly lower level of proliferation of F4/80 high WT cells as compared to F4/80 low KO macrophages (Fig. 3D) , which was comparable to that observed in WT mice. Similar results were obtained by lentiviral-mediated Cre delivery into peritoneal macrophages of adult conditional-KO mice (Fig. 3E) . These studies demonstrated a cell-intrinsic role for Gata6 in limiting basal proliferation. Although the mechanisms controlling this response are unclear, it is likely that Gata6 influences proliferation through both direct and indirect impacts on the cellular phenotype of peritoneal macrophages. Given the similarities between tissue-resident peritoneal and pleural macrophages, we examined Gata6 expression and found it comparable at both sites (Fig. 3F ). Similar to peritoneal macrophages, the pleural macrophages of Gata6-KO mye mice were predominantly F4/80 low and exhibited a cell-intrinsic increase in proliferation and polyploidy when compared to the contemporary F4/80 high pleural macrophages from the same microenvironment ( Fig. 3G and fig. S8D ).
During acute inflammation, peritoneal macrophage numbers first decrease. This is followed by the M-CSF-dependent (Il4ra-independent) proliferation of surviving macrophages (6, 8) . We induced acute peritonitis with 2 × 10 6 zymosan particles and observed increases in the numbers of neutrophils and eosinophils in both WT and Gata6-KO mye mice ( fig. S10 ). The initial decrease in the number of Tim4 + macrophages was seen in both genotypes; however, whereas the Tim4 + macrophages were mostly restored to preinflammation levels in WT mice, this did not occur in the Gata6-KO mye mice 48 hours after challenge (Fig. 4A) . In contrast to the inflammation-enhanced proliferative response in WT mice, the proliferation of Gata6-KO mye macrophages remained unaltered (Fig. 4B) (Fig. 4, C and D) . Unlike the KO macrophages, the F4/80
high WT cells in the same environment responded to inflammation with elevated proliferation, confirming that the role of Gata6 was cell-intrinsic and not a consequence of secondary and/or environmental factors (Fig. 4, C and D) . The mechanism underlying these phenotypic alterations is likely to be complex. A bioinformatic analysis indicated a high probability that multiple transcriptional networks were influenced by Gata6 deficiency (table S7) . Thus, the altered phenotype imposed by the loss of Gata6 activity may arise from both direct Gata6 signaling and indirect responses mediated downstream of Gata6. Gata6 can therefore alter both cell proliferation and the phenotypic specialization of macrophages within the resident tissue. As validation of our approach, we selected Map3k8, which exhibits significantly altered expression in the absence of Gata6 (fig. S11, A and  B) . We anticipated that Map3k8 may be involved in the proliferation of peritoneal macrophages, because we had found that this process has an absolute requirement for M-CSF (8) . Lentiviral short hairpin RNA-mediated Map3k8 knockdown resulted in significantly reduced proliferation during inflammatory resolution (fig. S11, C to E). Alterations in macrophage phenotype and restoration could affect inflammatory resolution; for example, leading to delayed neutrophil clearance, so we initiated inflammation with a higher dose of zymosan (2 × 10 7 particles), where the initiation of inflammation is less macrophagedependent (3, (19) (20) (21) (Fig. 4E ). Compared to WT animals, Gata6-KO mye mice had substantially lower numbers of recoverable Tim4 + macrophages, slightly increased levels of Tim4 -macrophages, and increased neutrophil numbers during the resolution of inflammation (Fig. 4E) .
Here we have identified Gata6 as a master controller of the peritoneal macrophage-specific phenotype. This phenotype is intrinsically linked to the regulation of proliferation. Our observations demonstrate transcriptional control of tissue-resident macrophage proliferative renewal and have implications for the study of tissue macrophages and tissue physiology in general. They indicate that not only do resident macrophages acquire a specialized phenotype adapted for a specific microenvironment, but that this is integral to the systems that preserve regulated self-renewal. Ex vivo, peritoneal macrophages alter their phenotype (22, 23) , including an apparent absence of proliferation (24) . We also observed a down-regulation of Gata6 in ex vivo cultures, which in itself alludes to the presence of local Gata6 induction within the tissue. Further afield, these observations dictate that to understand the master controllers and interaction of any resident macrophage population within its tissue, a full context-specific characterization of these cells will be required. It can be anticipated that many of the individual downstream pathways used by tissue-resident macrophages to interact with their environment may be common between different sites. The development of viable Gata6-deficient peritoneal macrophages provides an opportunity to dissect the functional interaction between tissue-resident macrophages and their tissue in a highly tractable system to aid in the identification of approaches to promote tissue homeostasis, the resolution of inflammation, and host defense.
